Piezoelectric micromachined circular diaphragm energy harvesters for pulsed pressure sources have been fabricated and characterized. These devices utilize silicon carbide (SiC) as the structural material and aluminum nitride (AlN) as the active piezoelectric element to enable operation within harsh environments. In particular, the SiC/AlN energy harvesting device yields an output power density of 20 µW/cm 2 and rms voltage of 0.2 V under pressure pulses of 1.09 psi (rms) at 2 kHz. Fabricated SiC/AlN harvester has been characterized at elevated temperatures as high as 250°C. This work not only demonstrates the first harsh environment energy harvesters based on SiC and AlN for a pulsed pressure environment, but also addresses its potentials for integrating energy harvesting power source with SiC circuitry and enabling self-powered wireless sensors. This type of sensing system can be used for the real-time monitoring of harsh environment energy system such as automotive engines, gas turbines and geothermal wells.
INTRODUCTION
Condition-based monitoring of automotive engines, jet engines and gas turbines requires circuits and sensors, which have stable operation at elevated temperatures (250°C to 600°C) and under harsh chemical environments (oxidizing, hydrocarbon, CO and CO 2 ). This can aid in achieving efficient energy usage, reduced emissions and long lifetime for the combustion processes and critical components. In addition, harsh environment sensors also enable direct subsurface monitoring of geothermal and oil wells leading to enhanced energy recovery. However, at elevated temperatures, power supplies for electronic circuits and sensors are scarce. Current battery technology limits the working temperature range to below 150 o C and cabled-power wiring dramatically increases the system complexity as well as the installation and maintenance cost.
To address this issue, energy harvesting [1] [2] has emerged as promising power source, which can further lead to an autonomous integrated sensing module with reduced cost. Up to date, only a few energy harvesting devices for harsh environments have been reported, converting ambient vibration [3] and UV [4] energy into electrical energy. However, considering the availability of the ambient energies in the potential harsh environment systems, pulsed-pressure sources commonly existing in the combustion processes appears greatly attractive. In fact, the amount of the available energy from pressure pulsation in the target environment can be much larger than vibration sources and in addition, without requiring a UV-rich environment.
This work first demonstrates a piezoelectric SiC/AlN circular diaphragm energy harvester aiming to harvest the energy from pulsed-pressure sources in combustion systems. This micro-scale power source has the potential to achieve system integration with harsh environment circuit and sensor components [5] [6] . To enable operation in harsh environments, the structural material selected for the energy harvesting devices consists of epitaxial cubic SiC (3C-SiC) and AlN. SiC is used as the diaphragm structural material and AlN serves as the piezoelectric material for power conversion. Both appear favorable due to their excellent mechanical and electrical properties and resistance to chemical attack especially at elevated temperatures compared to their counterparts, e.g., silicon and PZT. By using this material combination, a micromachining process has been developed for fabricating the SiC/AlN composite diaphragm structure. The fabricated energy harvester with 4000-µm diameter generates a power output as high as 2.5 µW, equivalent to a power density of approximately 20 µW/cm 2 , showing promise for providing power to most of the low-power sensor circuits. To investigate the functionality of the harvesters at elevated temperatures, the device equipped with an on-chip thermal platform (resistive heating and sensing elements) is measured and is shown to operate at temperatures above 200°C. The experimental results not only show a SiC/AlN energy harvesting device with high output power density but also verifies its operation capabilities under high temperature environments. The harvester design, fabrication process, testing setup and measured results are presented as follows.
SIC/ALN ENERGY HARVESTING DEVICE
Piezoelectric AlN is chosen as the active material for power conversion rather than the commonly used PZT, which possesses large piezoelectric coefficients, for reasons that AlN, which is non-ferroelectric and does not have a Curie point, retains its intrinsic piezoelectric properties even at high temperatures [7] . In fact, AlN has been demonstrated for a Lamb waver resonator to provide stable operation as high as 700°C [8] . Moreover, high quality AlN can be sputter-deposited at wafer-level with compatible processing along with SiC. The diaphragm structural material, SiC, on the other hand, in addition to the mechanically robust nature under harsh environments, its superior electrical properties also enable SiC-based circuits and sensors for harsh environment electronics. Plus, SiC and AlN have well-matched mechanical and thermal properties, e.g., thermal expansion coefficients [9] . Platinum (Pt) and molybdenum (Mo) are the two metal materials utilized for the electrodes considering the high temperature survivability. Figure 1 illustrates the design of a SiC/AlN energy harvesting device showing a circular bossed-diaphragm with patterned electrodes for electrical outputs as well as an on-chip thermal platform for high temperature measurements. The composite diaphragm is composed of a metal/AlN/metal sandwich layer on top of the structural SiC with a thin layer of SiO 2 for electrical insulation in between. Transduction via d 31 piezoelectric coefficient is utilized for electrical power generation as the diaphragm deforms in response to the pressure pulses in the environments. The central boss structure adopted in this design can tune the mechanical resonant frequency of the composite diaphragm without modifying the diaphragm sizes. The electrode configurations (size and location) are determined to maximize the deliverable power generated by the piezoelectric AlN layer based on the in-plane strain distribution of the pressure-loaded diaphragm under large deformation. In addition to the electrode geometries, for maximizing the device output power, residual stress in the structural layers (AlN and SiC) needs to be well controlled as it significantly reduces the diaphragm compliance [10] . Moreover, excellent crystallinity of the piezoelectric AlN thin film is required to achieve high electromechanical coupling and thus better power conversion. Figure 2 depicts the bulk micro-machining process flow that is used to achieve the SiC/AlN energy harvesting devices. A ~3.2-µm-thick structural layer, 3C-SiC, is first deposited on a Si (100) substrate by epitaxial chemical vapor deposition with a residual stress below 100 MPa by NOVASiC as shown in Fig.  2(a) . A ~500-nm oxide is then deposited via low pressure chemical vapor deposition as the insulation layer between SiC and bottom electrode (Fig. 2(b) ). Next, well-textured bottom electrode Mo is sputtered on the insulation oxide with a thin layer of AlN as the seedlayer in order to achieve its high crystallinity for the following AlN growth. Highly c-axis-oriented AlN thin film (~1.0 µm, rocking curve FWHM < 1.5 °, stress < 200 MPa) [11] is then sputtered on blank Mo as shown in Fig. 2(c) . A photolithography step followed by wet-etching AlN layer is used to access the bottom electrode (Fig. 2(d) ). The top metal, Pt, is patterned on the AlN layer via a lift-off process to obtain the cross-section in Fig. 2(e) . A backside photolithography step is then applied to create an etching mask for the diaphragm release step using SF 6 -based deep reactive ion etching (DRIE) and the final cross-section is shown in Fig. 2(f) . The SEM of the cross-section of the composite layers is shown in Figure 3 and Figure 4 shows the SEM of a released energy harvester diaphragm (without boss) from the backside.
FABRICATION PROCESS

MEASUREMENT SETUP Pressure pulse generation
In order to mimic the pulsed-pressure environment in the combustion chambers, an in-house pressure pulse generation unit is built. A commercial chopper (rotating blade with equally spacing slits) is utilized to modulate a static airflow and produce periodic pressure loads. The generated pressure pulse frequencies can be precisely controlled by both the chopper rotation speed and the number of blade slits. Figure 5 shows a time-domain waveform for 1-kHz, 0.46-psi pressure pulses measured by a commercial pressure sensor IC. The waveform shows the existence of higher frequency tones, which in fact present integer multiples of the prescribed frequency with smaller amplitude. Since the pressure amplitude generated is not constant due to the airflow fluctuations, the amplitude as well as the generated voltage from the harvester indicted in the following experimental results are presented as rms values for more than 100 cycles. 
High temperature vibration testing
In order to investigate the operation of the SiC/AlN energy harvesting device at elevated temperatures, the on-chip resistive heaters (fabricated along with the top metal electrode) are used to heat up the diaphragm via Joule heating to temperatures higher than 200°C. The temperature of the diaphragm is then estimated by the variations of the temperature coefficients of resistance from another set of patterned top electrodes, forming the temperature sensor in the thermal platform. A shaker system is utilized in this case to provide vibration sources in order to measure the device responses with thermal elements since the cold pressure pulses generated from the setup discussed above prevent the heating of the device to high temperatures. It should be noted that the mechanical energy obtained from a vibrating shaker by the specific device demonstrated in this study is expected to be much less compared to that from pressure pulses and therefore, this measurement setup is only used to characterize the device operation under elevated temperatures and will not be able to reveal the power generation capabilities of the energy harvesting devices.
EXPERIMENTAL RESULTS
The devices are first characterized in the pulsed pressure environment as discussed in the previous section at room temperature. By connecting the harvester to a pure resistive load, time-varying voltages across the load are measured from an oscilloscope under various pressure amplitudes and load resistances. Figure 6 and 7 present the generated rms voltage and average power, respectively versus the load resistances from a device of 3500 µm in diameter under 1-kHz pressure pulses with varying amplitudes. With the given geometries of the diaphragm without central boss, the device is estimated to operate far from its resonance with 1-kHz pressure pulses. The optimal load resistance, depending on the size of the active area as well as the source and resonance frequency of the device, is required in order to achieve maximum delivered power. A maximum power of 26 nW is shown to be delivered to a 90-kΩ resistive load under a 0.46-psi pressure with rms output voltage of 0.049 V. Note that the small power output presented here is due to the low level of pressure amplitude applied as well as the far-from-resonance operation.
Lowering the device resonant frequency by introducing the central boss to the diaphragm with size properly determined, the harvested power can be greatly improved. Figure 8 shows the response of a device with a 4000-µm diaphragm and a central boss of 1500 µm producing rms voltage of 0.2 V and an average power of 2.5 µW with a 26-kΩ load under 2-kHz pressure pulses with pressure amplitude of 1.09 psi (rms), corresponding to a power density of ~ 20 µW/cm 2 . Though the prescribed frequency is still lower than the resonance frequency (estimated to be 10 kHz), the device is excited at resonance by higher frequency tones of the prescribed frequency with reduced amplitude. Based on these results, it can be expected that by matching the device resonant frequency with the pressure source frequency, increased power can be generated with design improvements.
High temperature measurement
To characterize the energy harvesters' response at elevated temperatures, the devices with central boss, which can be easier to actuate with acceleration from a shaker system, are measured under vibration at temperatures up to 250°C, achieved by the on-chip heater as previously described in the measurement setup section. Figure 9 shows the generated peak-to-peak voltage versus temperatures from 22°C to 250°C on a 1-MΩ resistive load for the device under a 2-g vibration. The presented data is obtained with the harvester experiencing a number of thermal cycling until reaching stable operation. It can be noticed in Figure 9 that the output voltages degrade as temperature increases and possible reasons leading to the degradation are the induced thermal stress in the diaphragm as well as the increased thermal resistances from the metal. More importantly, the device is able to generate power at temperatures above 200°C and confirms that the AlN remains piezoelectric under these conditions.
CONCLUSIONS
An output power density of approximately 20 µW/cm 2 has been obtained with the micromachined piezoelectric SiC/AlN bossed-diaphragm energy harvesters under 2-kHz pressure pulses of 1.09 psi (rms). Although increased electrical power output can be expected by matching the pressure pulse frequency to the diaphragm mechanical resonant frequency, the power density level is already sufficient for the need in most of low-power sensor circuits. Under elevated temperatures up to 250°C, measurements confirm that the energy harvesting devices are still able to generate electrical power with reduced output levels compared to that of room temperature. This shows that the fabricated SiC/AlN energy harvesting device for pulsed-pressure sources is a promising power source for harsh environment circuits and sensors. Obviously, further investigations are needed to understand the causes of power degradation at elevated temperatures and to ensure functionality in more stringent environments. 
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